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Staphylococcus simulans secretes lysostaphin, a bacteriolytic enzyme that specifically binds to the cell wall
envelope of Staphylococcus aureus and cleaves the pentaglycine cross bridges of peptidoglycan, thereby killing
staphylococci. The study of S. aureus mutants with resistance to lysostaphin-mediated killing has revealed
biosynthetic pathways for cell wall assembly. To identify additional genes involved in cell wall envelope
biosynthesis, we have screened a collection of S. aureus strain Newman transposon mutants for lysostaphin
resistance. Bursa aurealis insertion in SAV2335, encoding a polytopic membrane protein with predicted
protease domain, caused a high degree of lysostaphin resistance, similar to the case for a previously described
femAB promoter mutant. In contrast to the case for this femAB mutant, transposon insertion in SAV2335,
herein named lyrA (lysostaphin resistance A), did not cause gross alterations of cell wall cross bridges such as
truncations of pentaglycine to tri- or monoglycine. Also, inactivation of LyrA in a methicillin-resistant S. aureus
strain did not precipitate a decrease in �-lactam resistance as observed for fem (factor essential for methicillin
resistance) mutants. Lysostaphin bound to the cell wall envelopes of lyrA mutants in a manner similar to that
for wild-type staphylococci. Lysostaphin resistance of lyrA mutants is attributable to altered cell wall envelope
properties and may in part be due to increased abundance of altered cross bridges. Other lyr mutants with
intermediate lysostaphin resistance carried bursa aurealis insertions in genes specifying GTP pyrophosphoki-
nase or enzymes of the purine biosynthetic pathway.

The gram-positive microbe Staphylococcus aureus is a com-
mensal of the human skin and nares (33). Breaches in dermal
or mucosal epithelia as well as defects in host immunity pre-
cipitate invasive S. aureus infections with a wide spectrum of
human disease, ranging from localized or systemic abscesses,
septicemia, and endocarditis to septic emboli (1, 33). The cell
wall envelope of S. aureus functions as a protective bacterial
surface organelle and is comprised of peptidoglycan (murein)
with attached polysaccharides (capsular polysaccharide as well
as poly-N-glucosamine expolysaccharide), teichoic acids, and
proteins that are covalently or noncovalently immobilized
within the murein sacculus (39). Many antistaphylococcal ther-
apies are based on molecules that inhibit cell wall biosynthesis
or that destroy the physiological functions of the envelope in
maintaining bacterial integrity and mediating evasion from
host immune responses (6). These therapies include small mol-
ecules such as �-lactams and glycopeptides (inhibitors of pep-
tidoglycan synthesis) as well as lysostaphin, a bacteriocin that
degrades the bacterial cell wall envelope (6, 8, 28, 43).

Staphylococcal peptidoglycan consists of linear glycan strands
with repeating disaccharide units, N-acetylmuramic acid (�1-
4)-N-acetylglucosamine (MurNAc-GlcNAc), of variable length
(17, 18). Wall peptides, L-Ala–D-iGln–(NH2-Gly5)–L-Lys–D-
Ala–D-Ala, are linked via an amide bond between the D-lactyl
moiety of MurNAc and the amino group of L-Ala at position
one. Staphylococcal wall peptides harbor pentaglycines (NH2-
Gly5) at the ε-amino group of lysine (L-Lys) at position three
(19, 38, 58). Within fully assembled staphylococcal peptidogly-
can, about 95% of wall peptides are cross-linked via an amide
bond between the carboxyl group of D-Ala at position four and

the amino group of a pentaglycine cross bridge attached to a
neighboring wall peptide (16, 52, 55). This cross-linking orga-
nizes linear peptidoglycan strands into a single, large macro-
molecule (murein sacculus) with a diameter of 50 to 100 nm,
thereby protecting staphylococci from osmotic lysis and pro-
viding a scaffold for cell wall envelope assembly (20, 31).

The gram-positive bacterium Staphylococcus simulans se-
cretes lysostaphin, a glycyl-glycine endopeptidase with bacte-
riolytic activity against staphylococci harboring pentaglycine
cross bridges (49). The envelope of S. simulans contains serine/
glycine cross bridges that provide immunity to this bacteriocin
(10, 47). Lysostaphin is secreted as a proenzyme. Proteolytic
cleavage of 13 N-terminal tandem repeats generates mature
lysostaphin with two functionally separable domains (25, 46).
The N-terminal domain with glycyl-glycine endopeptidase ac-
tivity cleaves pentaglycine cross bridges (49), whereas the C-
terminal cell wall-targeting domain promotes bacteriocin bind-
ing to staphylococcal peptidoglycan (2, 22).

Mutations in any one of three fem genes (factors essential for
methicillin resistance), fmhB (femX), femA, and femB, confer
high-level lysostaphin resistance on mutant staphylococci but
decreased resistance to �-lactam compounds such as methicil-
lin and oxacillin (48, 54). Fem factors catalyze nonribosomal
synthesis of pentaglycine cross bridges (15, 34, 48, 51). FmhB
utilizes charged glycyl-tRNA and lipid II [C55-PP-MurNAc-(L-
Ala–D-iGln–L-Lys–D-Ala–D-Ala)-(�1-4)-GlcNAc] as substrates
and adds the first glycine to the ε-amino of L-Lys (48, 51). In
contrast to the case for fmhB, an essential gene, null muta-
tions in femA and femB do not abolish staphylococcal
growth (48). Using the product of the FmhB-catalyzed re-
action [C55-PP-MurNAc-(L-Ala–D-iGln–(NH2-Gly1)–L-Lys–
D-Ala–D-Ala)-(�1-4)-GlcNAc], FemA and FemB also utilize
charged glycyl-tRNAs and promote addition of Gly2/Gly3

(FemA) or Gly4/Gly5 (FemB) (15, 26, 34). Mutations in fem
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genes cause truncations (Gly1 or Gly3) in staphylococcal cross
bridges, which precipitates the observed increase in lysostaphin
resistance of staphylococci (15, 54).

In this study, we screened S. aureus transposon mutants with
defined insertion sites in approximately two-thirds of all S.
aureus genes for increased lysostaphin resistance. One of these
mutants displayed dramatically increased resistance to lyso-
staphin without a concomitant decrease in �-lactam resistance.
This mutant contained a transposon insertion in the hitherto-
uncharacterized gene SAV2335. Several other mutations
caused an intermediate lysostaphin resistance phenotype.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains used in this study are
listed in Table 1. Escherichia coli strains were grown with aeration at 37°C in
Luria-Bertani broth (LB). S. aureus strains Newman (14) and RN4220 (29),
methicillin resistant S. aureus strain BB270 (4), and S. simulans strain TNK1 (2)
were propagated in tryptic soy broth (TSB) at 37°C with aeration. The transpo-
son mutant collection, Phoenix (���) library, used in this study was described
by Bae et al. (3) and was grown in TSB medium containing 10 �g/ml erythro-
mycin. Other antibiotics were used at the following concentrations: 10 �g/ml
chloramphenicol for selection of pHTT4 (59) and 5 or 7.5 �g/ml chloramphen-
icol for selection of pCL55 (32) and derivatives thereof in S. aureus; 100 �g/ml
ampicillin for selection of plasmids pCL55, pGEX2TK (Amersham Biosciences,
Uppsala, Sweden), pGST-K-CWT (2), and pMCSG7 (53) in E. coli; and 30 �g/ml
kanamycin for pHTT2 (59) selection in E. coli. E. coli strain CA8000 (24)
was used for glutathione S-transferase (GST) expression and purification
(pGEX2TK). All other proteins were expressed in E. coli strain BL21(DE3) (56).
E. coli strains XL1-Blue (Stratagene, La Jolla, CA) and DH5� (23) were used for
cloning purposes.

Phage transduction and determination of transposon insertion sites. Phage 85
was used to move transposons from original transposon mutant strains into
Newman, RN4220, or BB270 strain backgrounds. Transductants were streaked
twice for single colonies on tryptic soy agar (TSA)–10 �g/ml erythromycin or
TSA–10 �g/ml erythromycin–40 mM sodium citrate plates. Transposon insertion
sites of ��� library transductants were confirmed by inverse PCR, which was
performed as described by Bae et al. (3). Strain ANG133 (lysostaphin-resistant
control strain) was generated by transducing the transposon of strain BB308 (5)
located within the femAB promoter region into strain Newman. The transposon
insertion site in ANG133 was confirmed by arbitrarily primed PCR as described
by O’Toole et al. (42). Primer set ARB1 (GGCCACGCGTCGACTAGTACN
NNNNNNNNNGATAT) and Tn-Transpos-far (GATCCCGAAGTAACTAAG
TATATG) was used for the first round of PCR, while primer set ARB2 (GGC
CACGCGTCGACTAGTAC) and Tn-Transpos (TCTATTCCTAAACACTTA
AGA) was used for the second round of PCR and primer Tn-Transpos was used
for subsequent sequence determination of the transposon-chromosome junction
site. Strains ANG366 (lyrA) and ANG365 (femAB; phenotypically identical to
BB308) were constructed by moving transposons from strains ANG144 and
ANG133 into the methicillin-resistant S. aureus strain BB270 (4). If not other-
wise stated, all lyrA (SAV2335) mutant strains were derived from Phoenix library
mutant ���12843.

Lysostaphin lysis assay. Lysostaphin was purchased from AMBI Products
LLC (Lawrence, NY) and stored frozen as a 2-mg/ml stock solution in 0.02 M
sodium acetate buffer, pH 4.5. S. aureus strains were grown overnight in TSB at
37°C with aeration. The following day, 0.4-ml culture aliquots were diluted with
0.6 ml fresh TSB and cell densities determined (typically the optical density at
600 nm [OD600] was between 1.5 and 2.1). This value was set as 100% and 0 min.
Lysostaphin (final concentration, 50 �g/ml lysostaphin in 20 mM Tris-HCl, pH
7.5) was added, OD600 values read at timed intervals, and data plotted as percent
OD600 of the initial reading. For quantitative assessments of lysostaphin resis-
tance, overnight cultures of staphylococci were washed twice with 50 mM Tris-
HCl, pH 8.0, and suspended at an OD600 of �1.6. Following addition of 0.1 ml
of a 100-, 50-, 25-, 12.5-, or 6.25-�g/ml lysostaphin stock solution in 50 mM
Tris-HCl, pH 8.0 (final concentrations of �10 �g/ml to 0.625 �g/ml) to 1 ml of
culture, the decline in optical density was recorded. For determination of lyso-
staphin sensitivity of purified cell wall and peptidoglycan, samples were sus-
pended in 1 ml 50 mM Tris-HCl, pH 8.0, to an OD600 of �1.8. Lysis was
monitored following the addition of 0.1 ml of 12.5-�g/ml or 50-�g/ml lysostaphin
in 50 mM Tris-HCl, pH 8.0 (final concentration of �1.25 �g/ml or 5 �g/ml).
Isolated cell wall samples of wild-type, femAB mutant, and lyrA mutant Newman

strains were prepared and analyzed in triplicate. The slope in the linear area of
each lysis curve was determined, the average and standard deviation for triplicate
samples were calculated as positive values, and statistical significance was deter-
mined using the t test. For lysis assays with purified lysostaphin lacking the cell
wall-targeting domain (LST	CWT), S. aureus overnight cultures were washed
once with 50 mM Tris-HCl, pH 8.0, and suspended at an OD600 of �1.9. The
decline in OD600 was followed after the addition of 0.1 ml of lysostaphin lacking
its cell wall-targeting domain at a concentration of 8 mg/ml (�800-�g/ml final
concentration) to 1 ml of washed S. aureus cells.

Complementation and alanine substitution mutagenesis of lyrA. For the
complementation of bursa aurealis insertion in SAV2335 (lyrA), S. aureus lyrA was
cloned with its native promoter into the E. coli/S. aureus single-site integration vector
pCL55 (32). The lyrA open reading frame and 300 bp of upstream nucleotide
sequence were PCR amplified with primer pair 5-BamHI-319bp-SAV2335 (CGGG
ATCCATAAATTTGGTTCACCTTGCTTGTACAC) and 3-KpnI-SAV2355 (GG
GGTACCGAGGTACTAGCAAGCGCTTTGTTATTA), using strain Newman
chromosomal DNA as the template. The resulting PCR product was cut with the
restriction enzymes BamHI and KpnI and ligated with plasmid pCL55 that had been
cut with the same enzymes, generating pCL-lyrA. The plasmid was electroporated
into S. aureus strain ANG245 (RN4220 with transposon insertion in SAV2335
transduced from strain ���12843) and selected on TSA plates containing 5 or 7.5
�g/ml chloramphenicol. As controls, pCL55 without insert was integrated into the
chromosomes of RN4220 and ANG245. SAV2335 (lyrA) complementation was
measured with lysostaphin lysis assays. The QuikChange method (Stratagene, La
Jolla, CA) was used to change amino acids Glu135, Arg139, His210, and
Arg196 to alanines, using plasmid pCL-lyrA as the template and primer pairs
5-SAV2335-E135A (CTGATGGCGTTCGTAGTAGCATTCGGATTCCGT
TCATAC) and 3-SAV2335-E135A (GTATGAACGGAATCCGAATGCTA
CTACGAACGCCATCAG) for E135A substitution, 5-SAV2335-R139A (GT
AGTAGAATTCGGATTCGCATCATACTTACAAAATATTG) and 3-SAV2335-
R139A (CAATATTTTGTAAGTATGATGCGAATCCGAATTCTACTAC) for
R139A substitution, 5-SAV2335-H210A (TATATTGCAACGACATTCGCA
GCTTCAATGACATTCGGA) and 3-SAV2335-H210A (TCCGAATGTCATT
GAAGCTGCGAATGTCGTTGCAATATA) for H210A substitution, and
5-SAV2335-R196A (GATTCTTGGTGAATTAATTGCAGCGACTAAAGGA
CGTACAA) and 3-SAV2335-R196A (TTGTACGTCCTTTAGTCGCTGCAA
TTAATTCACCAAGAATC) for R196A substitution. The resulting plasmids
pCL-lyrA-E135A, pCL-lyrA-R139A, pCL-lyrA-H210A, and pCL-lyrA-R196A
were introduced into strain ANG245. All plasmids were initially cloned in E. coli
strain XL1-Blue and DNA sequences of inserts verified by fluorescent automated
sequencing.

Determination of MICs. MICs were determined by the broth microdilution
method according to document M7-A7 from CLSI (9). MICs were determined
for lysostaphin, vancomycin, and nisin in Mueller-Hinton broth (BD Diagnostic
Systems), pH 7.2, containing 25 mg/liter Ca2� and 10 mg/liter Mg2�; for dapto-
mycin in medium containing 50 mg/liter Ca2�; and for oxacillin in medium
supplemented with 2% NaCl. One hundred microliters of medium containing
twofold dilutions of different antibiotics was inoculated with �5 
 104 bacteria,
and OD600 values were determined after 24 h of growth at 37°C by using a
96-well plate reader (Tecan, Austria). MICs were determined in triplicate for
strains Newman, ANG133 (Newman femAB), ANG144 (Newman lyrA), BB270
(methicillin-resistant strain), ANG365 (BB270 femAB; BB308) and ANG366
(BB270 lyrA).

Purification of cell wall envelopes and peptidoglycan. Cell walls and peptidogly-
can were purified from strains Newman, ANG133, and ANG144 essentially as
described by de Jonge et al. (11). Briefly, S. aureus overnight cultures were diluted
1:200 and grown in 1 liter TSB for 3 h at 37°C. Bacteria were sedimented by
centrifugation, extracted by boiling in 4% sodium dodecyl sulfate (SDS), and exten-
sively washed with H2O to remove all SDS. Bacterial suspensions were mixed 1:1
with 0.1-mm glass beads (Biospec Products, Inc., Bartesville, OK) and lysed either
using a Bead Beater (for reverse-phase high-pressure liquid chromatography
[rpHPLC] analysis of muropeptides) or by vigorous vortexing twice for 15 min. Lysed
cells were treated with �-amylase, DNase, RNase, and finally trypsin to digest
carbohydrates, nucleic acids, and proteins (11). This material was termed the puri-
fied cell wall fraction and was analyzed in lysostaphin lysis assays. The purified cell
wall material was treated with 48% hydrofluoric acid and finally with alkaline phos-
phatase (11), thereby generating the purified peptidoglycan fraction. Purified pep-
tidoglycan was used for lysostaphin lysis assays and, following mutanolysin digestion
and reduction, analyzed by rpHPLC (11, 21).

Analysis of muropeptides. Five milligrams of purified peptidoglycan was digested
in a final volume of 1.24 ml in 12.5 mM phosphate buffer, pH 5.9, with 50 �g
mutanolysin from Streptomyces globisporus (Sigma, St. Louis, MO) at 37°C for 17 h.
Digested peptidoglycan was reduced, and 1 to 3 mg peptidoglycan was separated by
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TABLE 1. Bacterial strains used in this study

Strain Relevant features Reference or
source

Staphylococcus aureus strains
BB270 Methicillin-resistant S. aureus strain 4
BB308 BB270 with transposon insertion in femAB promoter region 5
ANG365 BB270 with same transposon insertion as in strain BB308, but

transposon was transduced via strain ANG133
This study

ANG366 BB270 with transposon insertion in SAV2335 (lyrA); transposon
derived from Phoenix library strain ���12843

This study

RN4220 Transformable laboratory strain 29
ANG244 RN4220 with transposon insertion in intergenic region; transposon

insertion derived from phoenix library strain ���17
This study

ANG245 RN4220 with transposon insertion in SAV2335 (lyrA); N-terminal
transposon derived from Phoenix library strain ���12843

This study

ANG246 RN4220 with transposon insertion in SAV2335 (lyrA); C-terminal
transposon derived from Phoenix library strain ���09166

This study

ANG266 RN4220 with integrated plasmid pCL55 This study
ANG267 ANG245 with integrated plasmid pCL55 This study
ANG268 ANG245 with integrated complementation plasmid pCL-lyrA This study
ANG273 ANG245 with integrated complementation plasmid pCL-lyrA-E135A This study
ANG274 ANG245 with integrated complementation plasmid pCL-lyrA-R139A This study
ANG275 ANG245 with integrated complementation plasmid pCL-lyrA-H210A This study
ANG276 ANG245 with integrated complementation plasmid pCL-lyrA-R196A This study
OS2(pHTT4) OS2 with pHTT4 for expression of cell wall anchored seb reporter

construct
59

Newman Human clinical isolate 14
ANG142 Newman with transposon insertion in intergenic region; transposon

derived from Phoenix library strain ���17
3

ANG133 Newman with transposon insertion in femAB promoter region;
transposon derived from strain BB308

This study

ANG144 Newman with transposon insertion in SAV2335 (lyrA); N-terminal
transposon derived from Phoenix library strain ���12843

This study

ANG249 Newman with transposon insertion in SAV2335 (lyrA); C-terminal
transposon derived from Phoenix library strain ���09166

This study

���02817 Newman strain with transposon insertion in SAV2332 3
���11235 Newman strain with transposon insertion in SAV2332 3
���11894 Newman strain with transposon insertion in SAV2332 3
���12577 Newman strain with transposon insertion in SAV2332 3
���06569 Newman strain with transposon insertion in SAV2333 3
���09451 Newman strain with transposon insertion in SAV2333 3
���03723 Newman strain with transposon insertion in SAV2334 3
���09166 Newman strain with transposon insertion in SAV2335 (C terminal) 3
���12843 Newman strain with transposon insertion in SAV2335 (N terminal) 3
���02438 Newman strain with transposon insertion in SAV2336 3
���12541 Newman strain with transposon insertion in SAV2236 3
���01722 Newman strain with transposon insertion in SAV2337 3
���04698 Newman strain with transposon insertion in SAV2337 3
���05245 Newman strain with transposon insertion in SAV2337 3
���08112 Newman strain with transposon insertion in SAV2337 3
���08290 Newman strain with transposon insertion in SAV2337 3
���00669 Newman strain with transposon insertion in SAV2338 3
���07753 Newman strain with transposon insertion in SAV2338 3
���08527 Newman strain with transposon insertion in SAV2338 3
���08910 Newman strain with transposon insertion in SAV2338 3
���10459 Newman strain with transposon insertion in SAV2338 3

Phoenix library mutants with
intermediate lysostaphin
resistance

���05368 Newman strain with transposon insertion in SAV1001 3
���06682 Newman strain with transposon insertion in SAV1002 3
���02380 Newman strain with transposon insertion in SAV1064 (purE) 3
���05091 Newman strain with transposon insertion in SAV1065 (purK) 3
���02924 Newman strain with transposon insertion in SAV1066 (purC) 3
���12894 Newman strain with transposon insertion in SAV1067 (purS) 3
���05399 Newman strain with transposon insertion in SAV1068 (purQ) 3
���03038 Newman strain with transposon insertion in SAV1070 (purF) 3
���03863 Newman strain with transposon insertion in SAV1071 (purM) 3
���03896 Newman strain with transposon insertion in SAV1074 (purD) 3

Continued on following page
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rpHPLC (11, 21). A 3-�m-particle-size octyldecyl silane Hypersil 250 
 4.6 C18

column equipped with a 10- by 4-mm guard column made of the same material
(Thermos Electron Corporation, Bellefonte, PA) were used for this experiment.
Twenty-microliter aliquots of HPLC fractions were subjected to ion spray mass
spectrometry at the Proteomics Core Laboratory at the University of Chicago. An
LC/MSD Trap XCT (Agilent Technologies, Palo Alto, CA) was used in the nano-
spray mode to determine the mass-to-charge (m/z) ratios of muropeptides. For
separation, buffer A (0.1% formic acid in deionized water) and buffer B (0.1%
formic acid in acetonitrile) were used with the following gradient: 8 min of 3% B,
within-32-min linear increase from 8% to 60% B, and within-10-min linear increase
from 60% B to 90% B. Muropeptides eluted between 20 and 25 min, and the
LC/MSD Trap software 3.2 was used to analyze data.

Purification and structure determination of �11 hydrolase-released surface
protein anchor peptides. Plasmid pHTT4 (59) expressing Seb-MH6-CWS was
electroporated into strain RN4220 or ANG245, and fresh transformants were
used for the experiment. E. coli strain BL2(DE3)(pHTT2) (59) expressing his-
tidine-tagged �11 hydrolase was used for purification of the recombinant en-
zyme. �11 hydrolase purified from a 2-liter culture was used to digest the cell
wall of each strain analyzed. Enzyme purification was performed by Ni-nitrilo-
triacetic acid (Ni-NTA) chromatography under denaturing conditions as previ-
ously described with some modifications (40). Proteins were purified over a 2-ml
bed volume column of nickel nitrilotriacetic acid resin preequilibrated with 30 ml
denaturing buffer A (6 M guanidine hydrochloride, 0.1 M Na2PO4, 0.01 M
Tris-HCl, pH 8.0). Lysates from �11 hydrolase-expressing E. coli strains were
applied, and columns were washed with 30 ml equilibration buffer, 30 ml buffer
Q1 (pH 8.0) (8 M urea, 0.1 M Na2PO4, 0.01 M Tris-HCl), and 30 ml buffer Q1
(pH 6.5) and eluted with 9 ml buffer Q1 (pH 4.5). Eluted proteins were dialyzed
against 2 liters of 1 M urea, 150 mM NaCl, and 50 mM Tris-HCl (pH 7.5) at 4°C
for 4 h and again overnight against 2 liters of fresh buffer lacking urea. Two-liter
S. aureus cultures were used to purify anchor peptides as described previously
(59). rpHPLC and matrix-assisted laser desorption ionization–time-of-flight
(MALDI-TOF) mass spectrometric analysis were performed as previously de-
scribed (36).

Cell wall targeting assays. GST-CWT, harboring a fusion of the lysostaphin
cell wall-targeting domain (CWT) to the C terminus of GST (2), and a GST
control were purified by affinity chromatography using glutathione-Sepharose
4B resin (Bioworld, Dublin, OH). Strains BL21(DE3)(pGST-K-CWT) and

CA8000(pGEX2TK) were used for GST-CWT and GST overexpression, respec-
tively, and purification was performed as previously described (7, 22). Two-
milliliter fractions containing the purified proteins were dialyzed twice against 1
liter of 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 30% glycerol buffer, and
proteins were subsequently stored at �20°C. Protein concentrations were deter-
mined using the bicinchoninic acid protein assay reagent kit from Pierce (Rock-
ford, IL). For binding assays, S. aureus strains Newman and ANG144 (lyrA) were
grown overnight in TSB medium at 37°C with aeration. The following day,
cultures were diluted 1:100 and grown in 20 to 30 ml fresh TSB for 3 h at 37°C.
Mid-log-phase cultures were washed twice with 50 mM Tris-HCl (pH 8.0) and
suspended at OD600s of 10 and twofold dilutions thereof. Fifty microliters of
bacterial suspensions were mixed with 11.6 �g GST-CWT or GST in a final
reaction volume of 100 �l and incubated for 10 min at room temperature. This
resulted in a final OD600 of 5 for the most concentrated bacterial suspensions.
GST-CWT (or GST) bound to staphylococci was collected by centrifugation for
5 min at 16,000 
 g, and supernatant with unbound protein was removed.
Bacterial sediments were suspended in 20 �l sample buffer, and 10 �l of boiled
sample was analyzed by 10% SDS-polyacrylamide gel electrophoresis and Coo-
massie brilliant blue staining. The abundances of GST-CWT and GST were
quantified using the spot demo function of the FluorChem software (Alpha
Innotech Cooperation, San Leandro, CA). To determine background GST-CWT
binding, 11.6 �g GST-CWT protein was incubated and centrifuged in a 100-�l
reaction volume without staphylococci.

Purification of lysostaphin without cell wall-targeting domain. His-tagged
lysostaphin (residues 1 to 154, encompassing the glycyl-glycine endopeptidase
but lacking the CWT) was generated and purified with the ligation-independent
expression vector pMCSG7. Chromosomal DNA of S. simulans strain TNK1 and
primer pair 5-Lyso-LIC (TACTTCCAATCCAATGCTGCTGCAACACATGA
ACATTCAG) and 3-LysoDelta CWT-LIC (TTATCCACTTCCAATGTCAAC
CTGTATTCGGCGTTGGAGT) were used to amplify the lysostaphin endopep-
tidase domain. The resulting PCR product was treated with T4 polymerase in the
presence of dCTP, while the SspI-cut and gel-purified vector pMCSG7 was
treated with T4 polymerase in the presence of dGTP for 15 min at 12°C. The
plasmid vector and PCR product were gel purified, mixed, and incubated for 5
min at room temperature. Following the addition of EDTA (pH 8.0) to a final
concentration of 6.25 mM and 5 min of incubation at room temperature, reaction
products were transformed into E. coli strain DH5�. Isolated pMCSG7-

TABLE 1—Continued

Strain Relevant features Reference or
source

Escherichia coli strains
XL1-Blue Stratagene
DH5� 23
BL21(DE3) 56
CA8000 24
CA8000(pGEX2TK) GST expression strain Amersham

Biosciences
BL21(DE3)(pGEX-K-CWT) GST-CWT expression strain 2
XL1-Blue(pCL55) S. aureus single-site integration vector 32
ANG265 XL1-Blue with pCL-lyrA; lyrA (SAV2335) complementation

construct
This study

ANG269 XL1-Blue with pCL-lyrA-E135A; lyrA (SAV2335) complementation
construct with E135A substitution

This study

ANG270 XL1-Blue with pCL-lyrA-R139A; lyrA (SAV2335) complementation
construct with R139A substitution

This study

ANG271 XL1-Blue with pCL-lyrA-H210A; lyrA (SAV2335) complementation
construct with H210A substitution

This study

ANG272 XL1-Blue with pCL-lyrA-R196A; lyrA (SAV2335) complementation
construct with R196A substitution

This study

XL1-Blue(pMCSG7) Ligation-independent cloning vector for expression of His-tagged
proteins

53

ANG237 DH5� with pMCSG7-LST	CWT for expression of lysostaphin glycyl-
glycine endopeptidase lacking the cell wall-targeting domain

This study

ANG238 BL21(DE3) with pMCSG7-LST	CWT for expression of lysostaphin
glycyl-glycine endopeptidase lacking the cell wall-targeting domain

This study

BL21(DE3)(pHTT2) �11 hydrolase expression stain 59

Staphylococcus simulans TNK1 2
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LST	CWT was transformed into E. coli BL21(DE3). Protein expression and
purification via Ni-NTA chromatography were performed as previously de-
scribed (22). Protein concentrations were determined with the bicinchoninic acid
reaction kit from Pierce (Rockford, IL).

RESULTS

Screening for lysostaphin-resistant mutants. Previous work
constructed the Phoenix library (���), an ordered, nonredun-
dant collection of bursa aurealis transposon insertions in 1,812
open reading frames of S. aureus strain Newman, a human
clinical isolate (3). The Phoenix library covers approximately
two-thirds of all staphylococcal genes. Here we assayed these
mutants for lysostaphin resistance, with the goal of discovering
novel factors that contribute to cell wall biosynthesis. Our assay
system was based on the decline in optical density of S. aureus
cultures upon addition of lysostaphin (30). To calibrate our
assay, we used the lysostaphin-sensitive Newman strain and a
lysostaphin-resistant femAB mutant Newman strain containing
a transposon insertion in the femAB promoter region (5). As
control for a lysostaphin-sensitive bursa aurealis variant, we
also used ���17, harboring a transposon insertion in an in-
tergenic region that does not affect lysostaphin resistance (Fig.
1A). Typically, batches of 100 ��� mutants and control
strains were assayed in parallel; a representative graph of this
analysis is shown in Fig. 1B. As expected, the vast majority of
mutants remained sensitive to lysostaphin, as their optical den-
sities declined in a fashion similar to that of the ���17 con-
trol strain. Some ��� mutants displayed a slight increase in
resistance, whereas very few mutants (���12843) showed a
dramatic increase in lysostaphin resistance similar to that ob-
served for the femAB mutant control strain (Fig. 1B).

Classes of mutants with increased lysostaphin resistance.
Bursa aurealis insertions in genes of the purine biosynthesis
cluster (SAV1064, SAV1065, SAV1066, SAV1067, SAV1068,
SAV1070, SAV1071, and SAV1074 [Table 1]) generated mu-
tants with intermediate levels of lysostaphin resistance. Fur-
ther, bursa aurealis insertions in SAV1001 and SAV1002 (Ta-

ble 1) also resulted in slowed lysostaphin-mediated lysis,
similar to that observed for purine biosynthesis mutants. In the
S. aureus MU50 genome sequence, SAV1001 and SAV1002
were annotated as two separate genes due to a sequencing
error. Recently, this chromosomal region has been rese-
quenced, and only one gene, annotated as encoding GTP pyro-
phosphokinase, was found to be carried in this region (60). A
BLAST search with SA0860, the S. aureus strain N315 ho-
molog of SAV1001/1002, revealed that proteins with significant
homology can be found in other gram-positive bacteria, includ-
ing Staphylococcus epidermidis, several Bacillus spp., and Lis-
teria spp. A COG2761 domain was found in SA0860, which is
also found in FrnE, a predicted dithiol-disulfide isomerase
involved in polyketide biosynthesis. Finally, ���12843, a mu-
tant carrying a single bursa aurealis insertion in SAV2335,
displayed a strong lysostaphin-resistant phenotype and was
analyzed further in this study. The affected gene was named
lyrA for lysostaphin resistance A.

lyrA. SAV2335 (lyrA) encodes a 419-amino-acid polypeptide
with unknown function. The protein is predicted to assemble
as a polytopic membrane protein with eight transmembrane
segments within its N-terminal part (TMHMM server v. 2.0)
(Fig. 2A). BLAST analysis revealed that proteins with signifi-
cant homology across the whole length of the protein are
present only in other S. aureus strains and in all sequenced

FIG. 1. Screening for S. aureus Newman bursa aurealis insertion
mutants with increased resistance to lysostaphin. (A) Calibration of
lysostaphin lysis assay with strains that are resistant (ANG133 [femAB]) or
sensitive (���17 [bursa aurealis insertion in an irrelevant intergenic
region]) to this bacteriocin. Overnight cultures of S. aureus ANG133
and ���17 were treated with lysostaphin, and lysis was measured as
a decline in OD600 over time. (B) Mutants of the Phoenix library (1,812
strains with nonredundant bursa aurealis insertions in open reading
frames) were screened with this assay. The graph displays the lyso-
staphin lysis profiles of 100 ��� mutants. ANG133 (femAB) and
���12843 displayed a lysostaphin-resistant phenotype.

FIG. 2. Predicted membrane topology and domain structure of
LyrA. (A) The membrane topology of LyrA (SAV2335) was predicted
with the TMHMM v 2.0 program (http://www.cbs.dtu.dk/services
/TMHMM/). The 419-amino-acid protein encompasses eight trans-
membrane domains; amino acid positions of membrane-spanning re-
gions are indicated at the tops and bottoms of boxes. An Abi domain
(shaded) is positioned between residues 121 and 221 (Conserved Do-
main Database and Search Service, v2.02) (35). Positions of alanine
substitutions analyzed for their contribution to lysostaphin resistance
(see text) are indicated. (B) Sequence alignment of Abi domain con-
sensus sequence (top sequence, amino acids 1 to 94) and LyrA (bottom
sequence, amino acids 121 to 221). Three conserved motifs as identi-
fied by Pei and Grishin (44) are overlined. Five semi-invariant residues
within these motifs are indicated by black symbols, where the square
indicates the predicted catalytic residue. Three of five semi-invariant
residues are found in SAV2335 and were replaced with alanines (see
text).
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staphylococci, i.e., Staphylococcus haemolyticus, Staphylococcus
saprophyticus, and Staphylococcus epidermidis. An Abi (abor-
tive infection) domain or COG1226 domain was found within
the C-terminal portion of the transmembrane domain (Fig.
2B). This Abi domain is also found in type II CAAX prenyl
endopeptidases, which are eukaryotic membrane metallopro-
teases that truncate the C-terminal ends of farnesylated or
geranyl-geranylated proteins (44). Known bacterial proteins
containing an Abi domain are encoded by Lactococcus lactis
plasmid pCI750 and are located upstream of abiG, a gene
involved in abortive bacteriophage infection (41, 57). Lactoba-
cillus plantarum carries a chromosomal gene specifying a poly-
topic membrane protein involved in bacteriocin production
(12). Nevertheless, the biochemical function of bacterial Abi
domain-containing proteins is not yet known.

Complementation analysis of lyrA. Although the lyrA gene
does not appear to be part of an operon, we interrogated bursa
aurealis insertions in flanking nucleic acid sequences for lyso-
staphin-resistant phenotypes by using two or more indepen-
dent mutations, with the exception of SAV2334, for which only
one mutant was available (Table 1). Mutations in SAV2332,
SAV2333, SAV2334, SAV2336, SAV2337, and SAV2338 did
not alter lysostaphin resistance of staphylococci. Two indepen-
dent transposon insertions within SAV2335 (lyrA), ���12843
(mentioned above) containing a transposon insertion 124 nu-
cleotides after the start codon and ���09166 with a transpo-
son insertion 906 nucleotides after the start codon, both dis-
played a lysostaphin-resistant phenotype (data not shown). We
transduced both bursa aurealis insertions in lyrA into the parent
Newman strain or RN4220, a laboratory strain widely used for
genetic manipulations. Lysostaphin resistance phenotypes
were observed for all transductants carrying bursa aurealis in-
sertions in lyrA (data not shown).

Full-length lyrA, including 300 bp of upstream nucleotide
sequences with a putative promoter, was cloned into the S.
aureus single-site integration vector pCL55 (32). The product,
plasmid pCL-lyrA, was electroporated into ANG245 (lyrA),
resulting in strain ANG268. This complementation strain was
examined together with control strains for lysostaphin resis-

tance. Figure 3 shows that strain ANG267, an lyrA mutant
harboring an empty vector insertion, is resistant to lysostaphin,
whereas complementation strain ANG268, carrying a wild-type
copy of lyrA, is sensitive. Thus, transposon insertions in lyrA
confer lysostaphin resistance on staphylococcal variants.

Alanine substitutions in the ABI domain of lyrA do not affect
lysostaphin resistance. The ABI domains encompasses three
motifs with five semiconserved residues, three of which are
found in the ABI domain of LyrA, including Glu135 (the
proposed active-site residue of CAAX proteases) (44), Arg139,
and His210 (Fig. 2B). We changed Glu135, Arg139, and
His210 as well as a nonconserved residue outside of these
motifs (Arg196) to alanines and assayed LyrA function after
chromosomal integration of lyrA variants by using the single-
site integration vector pCL55. LyrA variants harboring single
alanine substitutions restored the lysostaphin-sensitive pheno-
type, as shown for strain ANG273, expressing lyrA E135A (Fig.
3 and data not shown). This result indicates that individual
conserved residues of the ABI domain of LyrA are not re-
quired for lysostaphin resistance.

Lysostaphin resistance of lyrA mutants is a property of the
cell wall envelope and distinct from that of fem mutants. As a
quantitative assessment of lysostaphin resistance, we per-
formed bacteriocin sensitivity assays with washed overnight
cultures and decreasing amounts of lysostaphin. S. aureus
ANG144 (lyrA) and ANG133 (femAB) displayed similar levels
of resistance: fourfold higher lysostaphin concentrations (5
�g/ml for mutants compared to 1.25 �g/ml for wild-type New-
man) were required to obtain 50% lysis within 20 min (Fig. 4A
and B). Consistent with this observation, a fourfold increase in
lysostaphin MIC in broth culture was observed for strains

FIG. 3. S. aureus lyrA mutants are resistant to lysostaphin-mediated
killing. Overnight cultures of S. aureus strain ANG266 (wild-type [wt]-
parent with empty vector pCL55), ANG267 (lyrA mutant strain with
empty vector pCL55), complementation strain ANG268 (lyrA mutant
strain with a wild-type copy of the lyrA gene inserted into the chromo-
some), or ANG273 (lyrA mutant strain with lyrA gene carrying the
amino acid substitution E135A) were treated with lysostaphin. Lyso-
staphin-mediated lysis of staphylococci was measured as a decline in
OD600 over time.

FIG. 4. lyrA mutants display lysostaphin resistance similar to that of
a femAB mutant control strain. S. aureus strain Newman (wild type
[wt]) and transposon mutants ANG133 (femAB) and ANG144 (lyrA)
were grown overnight at 37°C in TSB medium. Bacteria were har-
vested by centrifugation, washed twice with Tris buffer, and suspended
to an initial OD600 of �1.6. Lysostaphin lysis assays were performed
with 5 �g/ml (A) or 12.5 �g/ml (B) bacteriocin.
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ANG144 (lyrA) and ANG133 (femAB) compared to wild-type
strain Newman (Table 2).

The lysostaphin resistance of known fem mutants is caused
by structural alterations in pentaglycine cross bridges, the sub-
strates for lysostaphin (54). These changes lead to a concom-
itant reduction in �-lactam resistance in methicillin-resistant S.
aureus strains such as BB270 (4, 54). To test whether inactiva-
tion of lyrA leads to decreased �-lactam resistance (similar to
the case for fem mutants), we constructed strain ANG366 (lyrA
mutation in the methicillin-resistant strain BB270). In contrast
to the case for the femAB mutant, inactivation of lyrA does not
significantly affect �-lactam resistance. This is reflected by ox-
acillin MICs of 128 and 64 �g/ml for wild-type BB270 and lyrA
mutant strains, compared to an oxacillin MIC of 0.0625 �g/ml
for strain ANG365 (BB270 femAB) (Table 2). Additional MIC
determinations revealed that the lyrA mutants in Newman and
BB270 backgrounds are slightly (twofold) more resistant to-
wards the cell wall-active antibiotic vancomycin. Differences in
MICs for the membrane-acting antibiotics nisin and dactomy-
cin were minimal. A twofold decrease in daptomycin resistance
was observed only in the methicillin-resistant BB270 back-
ground for the lyrA mutant (Table 2).

To obtain greater insight into the molecular defect of lyrA
mutants, we purified peptidoglycan and assayed isolated ma-
terial for lysostaphin sensitivity at different steps during the
purification process. Purified cell wall, consisting mainly of
peptidoglycan and wall teichoic acid (see Materials and Meth-
ods), of strain ANG144 (lyrA) and control strains was incu-
bated with 1.25 �g/ml lysostaphin and any decline in optical
density analyzed (Fig. 5A). Lysis assays were performed in
triplicate and the slope of each lysis curve calculated. The lysis
slope for cell walls of wild-type strain Newman was 1.15 � 0.12,
whereas the lysis slopes for both mutants were significantly
shallower (0.38 � 0.09 for femAB [P 
 0.01 compared to wild
type] and 0.39 � 0.02 for lyrA [P 
 0.01 compared to wild
type]). Cell wall material was further treated with hydrofluoric
acid and alkaline phosphatase, a protocol that removes cell
wall constituents with phosphodiester linkages, for example,
teichoic acids. Isolated peptidoglycan was incubated with 5
�g/ml lysostaphin and analyzed as described above. The puri-
fied peptidoglycan of the lyrA variant was only slightly more
lysostaphin resistant than that of the wild-type parent (Fig.
5B). The calculated lysis slopes for the wild type and the lyrA
mutant had similar values of 0.52 � 0.09 and 0.41 � 0.08,
respectively, while the lysostaphin-resistant femAB mutant
gave a significantly smaller value of 0.09 � 0.04 (P 
 0.01
compared to wild type and lyrA mutant). Finally, purified pep-

tidoglycan was digested with mutanolysin, a muramidase that
cuts the repeating disaccharide MurNAc-GlcNAc, and the re-
sulting muropeptides were separated by rpHPLC. Mutanolysin-
digested peptidoglycan from a wild-type strain generated the ex-
pected muropeptide profile (Fig. 6A). For example, ion spray
mass spectrometry confirmed m/z 1254 (M � H) for peak 5
(observed in the wild-type and the lyrA and femAB mutants),
representing disaccharide-pentapeptide-pentaglycine muropep-
tide [MurNAc–(L-Ala–D-iGln–(NH2-Gly5)–L-Lys–D-Ala–D-Ala)–
(�1-4)-GlcNAc] (peaks are numbered as reported by de Jonge et

FIG. 5. Lysostaphin resistance of lyrA mutants is a cell wall enve-
lope property. (A) Equal amounts of purified cell wall envelope of S.
aureus Newman (wild type [wt]) and femAB or lyrA mutant strains were
incubated with 1.25 �g/ml lysostaphin, and the decline in OD600 was
measured over time. Positive values for lysis slopes in the linear range
are 1.15 � 0.12 for the wild type, 0.38 � 0.09 for the femAB mutant
(P 
 0.01 compared to wild type), and 0.39 � 0.02 for the lyrA mutant
(P 
 0.01 compared to wild type). (B) A similar experimental ap-
proach as in panel A, using purified peptidoglycan (without polysac-
charide, protein, and teichoic acids) and 5 �g/ml lysostaphin. Lysis
slopes are 0.52 � 0.09 for the wild type, 0.41 � 0.08 for the lyrA
mutant, and 0.09 � 0.04 for the femAB mutant (P 
 0.01 compared to
wild type and lyrA mutant). Experiments were performed in triplicate.

TABLE 2. MICs for wild-type, femAB mutant, and lyrA mutant strains in Newman and methicillin-resistant BB270 strain backgrounds

Strain Genotype
MIC (�g/ml)

Lysostaphin Oxacillin Vancomycin Nisin Daptomycin

Newman 0.5 0.0625 1 32 0.5
ANG133 femAB 2 0.0625 1 32 1
ANG144 lyrA 2 0.0625 2 32 0.5

BB270 mec 0.5 128 0.5 16 0.5
ANG365 mec femAB 2 0.0625 0.125 4 0.125
ANG366 mec lyrA 1 64 1 16 0.25
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al. [11]). In agreement with the observations documented in Fig.
5B, only minor differences in the muropeptide profile were ob-
tained with peptidoglycan isolated from lyrA mutant staphylococci
(Fig. 6B). Among these differences in composition is the early-
eluting additional peak X (observed only in lyrA mutant pepti-
doglycan) and an overall decrease in peptidoglycan cross-linking
(judged by the decrease in UV-absorbent material during later
portions of the chromatogram [fraction 110 and later]). In con-
trast, clear differences were observed in the muropeptide profile
of the femAB mutant strain. For instance, a dramatic increase in
the abundance of peak 4 in comparison to peak 5 was seen (Fig.
6C). We measured m/z 1026 (M � H) for peak 4, consistent with
the mass of disaccharide-pentapeptide harboring a single glycine
cross bridge [MurNAc–(L-Ala–D-iGln–(NH2-Gly1)–L-Lys–D-Ala–
D-Ala)–(�1-4)-GlcNAc] (11).

Cell wall cross bridges of lyrA mutant peptidoglycan. To
generate a high-resolution analysis of peptidoglycan cross
bridges, we exploited an experimental scheme used previously
by this laboratory to determine the cell wall anchor structures
of surface proteins (59). Sortase A cleaves the cell wall sorting
signals of surface proteins between the threonine and glycine
residues of the LPXTG motif (50). The C-terminal carboxyl of
threonine is subsequently amide linked to the pentaglycine
cross bridges of lipid II molecules (45) and incorporated into
the cell wall. SEB-MH6-CWS, an engineered surface protein
substrate, is linked to staphylococcal cell wall cross bridges by
sortase A (59) (Fig. 7A). Following surface protein solubiliza-
tion (�11 hydrolase cleavage of N-acetylmuramoyl–L-Ala and
D-Ala–Gly bonds within the murein sacculus [Fig. 7B]), surface
proteins can be purified by affinity chromatography on Ni-NTA.
CNBr cleaves at methionyl residues and cuts the C-terminal pep-
tide of SEB-MH6-CWT to generate H6-AQALPET peptides with
linked cross bridges. These compounds are purified by an addi-
tional affinity chromatography step on Ni-NTA and eluted com-
pounds analyzed by mass spectrometry.

To analyze peptidoglycan cross bridges, plasmid pHTT4,
encoding Seb-MH6-CWS, was electroporated into S. aureus
RN4220 and ANG245 (lyrA). Cell walls of these S. aureus
strains were solubilized with �11 hydrolase, Seb-MH6-CWS
was purified and cleaved with CNBr, and C-terminal anchor
peptides were purified by another affinity chromatography step
and then separated by rpHPLC (59). rpHPLC-purified anchor
peptides were subjected to MALDI-TOF mass spectrometric
analysis. The predominant anchor peptide of surface protein in
the parent strain RN4220 generated an m/z 2236.13 com-
pound. This compound has been previously reported for �11
hydrolase-released anchor peptides in S. aureus strain OS2
(59), and its mass is in agreement with the predicted mass of
2236.39 for the tetrapeptide-anchor peptide structure NH2-
Ala-�-Gln-Lys-(NH2-H6AQALPET-Gly5)-Ala-COOH (Fig. 7C
and Table 3). In addition to m/z 2236.13, a weaker signal, m/z
2307.16, was also detected. This compound represents pen-
tapeptide tethered to surface protein [NH2-Ala-�-Gln-Lys-
(NH2-H6AQALPET-Gly5)-Ala-Ala-COOH] (calculated mass
of 2307.47). Additional signals at m/z 2264.21, 2279.1, 2235.17,
and 2350.17 represent formylated and carbamylated tetra- and
pentapeptide anchor structures, respectively (see Table 3 for a
listing of observed and calculated masses). The same cell wall
compounds were identified when we analyzed surface protein
anchor structures of the lyrA mutant strain (Fig. 7D). However,
in addition to major anchor peptides, several smaller com-
pounds with aberrant structure were detected. Some of these
compounds display m/z values consistent with only mono- and
diglycyl cross bridges (Table 3). Thus, the vast majority of cell
wall cross bridges in the parent strain RN4220 represent pen-
taglycine compounds (we could not detect aberrant cross
bridges), whereas the peptidoglycan of lyrA mutants harbors
small amounts of truncated cross bridges or cross bridges with
aberrant structure.

lyrA mutations do not affect lysostaphin binding to the
cell wall envelope. Removal of the cell wall-targeting do-
main of lysostaphin greatly diminishes the ability of the
mutant bacteriocin to kill staphylococci without interfering
with its glycyl-glycine endopeptidase activity (2). To test
whether lyrA mutations affect lysostaphin binding and thereby

FIG. 6. Peptidoglycan analysis of lyrA mutant staphylococci. Puri-
fied peptidoglycan from S. aureus strain Newman (wild type [wt])
(A) or isogenic lyrA (B) and femAB mutant (C) staphylococci was
digested with mutanolysin, and muropeptides were separated by
rpHPLC. The peaks in chromatogram in panel A are labeled as re-
ported by de Jonge et al. (11). Ion signals of m/z 1254 for compounds
in peak number 5 (A to C) and m/z 1026 for peak number 4 (C, femAB
mutant) were measured by ion spray mass spectrometry. These mea-
surements are consistent with compounds of the structure MurNAc–
(L-Ala–D-iGln–(NH2-Gly5)–L-Lys–D-Ala–D-Ala)–(�1-4)-GlcNAc (m/z
1254) and MurNAc–(L-Ala–D-iGln–(NH2-Gly1)–L-Lys–D-Ala–D-Ala)–
(�1-4)-GlcNAc (m/z 1026).
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confer bacteriocin resistance, we used GST-CWT (a fusion
between GST and the lysostaphin cell wall-targeting do-
main) or GST alone (2). Wild-type and lyrA mutant staph-
ylococci were adjusted to similar optical densities, and serial
dilutions of staphylococci were mixed with reporter protein.
Following a brief incubation step, staphylococci and bound
protein were sedimented by centrifugation and unbound
protein removed with the supernatant. Bound protein was
solubilized by boiling in SDS and visualized on Coomassie
stained SDS-polyacrylamide gels. No obvious difference in
binding of GST-CWT between wild-type and lyrA mutant
bacteria was observed (Fig. 8A and B). As a control, no
significant binding of GST alone to staphylococcal cells was
observed (data not shown).

To specifically address the requirement of the cell wall-
targeting domain for the observed resistance phenotype, we
cloned and purified lysostaphin containing only the glycyl-gly-
cine endopeptidase domain but lacking the cell wall-targeting
domain (LST	CWT). Wild-type S. aureus Newman and the lyrA
femAB mutants were incubated with LST	CWT. Eight indepen-
dently grown cultures of each strain were analyzed, and rep-
resentative lysis curves are shown in Fig. 8C. The lyrA mutant
strain retained its resistance properties when incubated with
LST	CWT, indicating that the resistance phenotype is indepen-
dent of the cell wall binding domain.

DISCUSSION

In this study, a search for S. aureus mutants with increased
lysostaphin resistance identified genes of the purine biosynthe-
sis pathway as being required for high-level sensitivity to this
bacteriocin. We have not yet studied the involvement of purine
biosynthesis genes in detail, as our initial goal was to focus on
genes that promote high-level resistance. It seems noteworthy,
however, that comparative transcriptional analysis of vancomy-
cin-resistant and -sensitive S. aureus strains showed that the
majority of purine biosynthesis genes are upregulated in the
resistant strain (37). Bursa aurealis insertion within SAV1001/
SAV1002, encoding a hitherto-unknown GTP-pyrophosphoki-
nase (distinct from that encoded by relA), also caused in-
creased resistance. We recently observed that the display of
sortase-anchored surface proteins is drastically reduced in this
mutant (A. C. DeDent, and O. Schneewind, unpublished re-
sults). Finally, bursa aurealis insertion in the previously unchar-
acterized gene lyrA (SAV2335) caused high-level lysostaphin
resistance, similar to transposon insertion in the femAB pro-
moter region. In contrast to mutations in femAB, which cause
gross alterations of pentaglycine cross bridges, lyrA mutations
caused seemingly minor defects in peptidoglycan and pentag-
lycine cross bridge structure (Fig. 6 and 7). Among these
changes is a slightly altered muropeptide profile detected for

FIG. 7. Cell wall cross bridges of lyrA mutant peptidoglycan. (A) Schematic representation of the engineered sortase A substrate Seb-MH6-
CWS. Enterotoxin B (seb) is fused to the protein A cell wall-anchoring signal (sorting signal) with a methionyl-six-histidyl tag inserted in the fusion
site. N-terminal signal sequence, cyanogen bromide (CNBr), and sortase A cleavage sites are indicated. (B) Illustration of staphylococcal
peptidoglycan structure with sortase-anchored Seb-MH6-CWS and cleavage sites for �11 hydrolase. GN and MN, N-acetylglucosamine and
N-acetylmuramic acid, respectively. (C and D) MALDI-MS spectra of rpHPLC-purified anchor peptides from wild-type (wt) (C) and lyrA mutant
(D) staphylococci. Surface protein anchor peptides with m/z 2336 are consistent with a peptide of the structure NH2-Ala-�-Gln-Lys (NH2-
H6AQALPET-Gly5)-Ala-COOH. See Table 3 for a complete listing of observed and calculated masses of anchor peptides in wild-type and lyrA
mutant strains.

6294 GRÜNDLING ET AL. J. BACTERIOL.



mutanolysin-digested peptidoglycan, with the appearance of an
additional peak X and slightly decreased peptidoglycan cross-
linking (Fig. 7). Structural analysis of surface protein anchor
peptides identified peptidoglycan cross bridges with a reduced
number of glycine residues. Although these changes are cer-
tainly consistent with lysostaphin resistance, it is at this time
not possible to attribute the bacteriocin phenotype solely to
these structural changes as can be accomplished with control
data collected for the femAB mutant strain. It is certainly
conceivable that lyrA mutations trigger additional changes in
the staphylococcal cell wall envelope that simply escaped our
phenotypic analysis.

Addition of bacteriocin to purified peptidoglycan (stripped
of its carbohydrate, teichoic acid, and protein constituents)
revealed that femAB, but not lyrA mutant, peptidoglycan re-
tained the lysostaphin resistance properties measured for in-
tact staphylococci. The simplest explanation for these data is
that only some, but certainly not all, of the lysostaphin resis-
tance properties can be attributed to structural changes in
peptidoglycan. What are those presumed alterations in cell
wall envelope properties (nonpeptidoglycan structural changes)
that can contribute to lysostaphin resistance? Secondary wall
polymers or modifications thereof come to mind. Previous
work failed to identify a correlation between lysostaphin sen-

sitivity and the abundance of capsular material produced by
staphylococci (22, 27). Our preliminary work suggests that tei-
choic acids are produced by lyrA mutants at physiological lev-
els. Inactivation of tagO, specifying a factor essential for wall
teichoic biosynthesis, did not abrogate the lysostaphin resis-
tance phenotype of lyrA mutants (unpublished results).

Bioinformatic analysis revealed that LyrA contains eight hy-
drophobic domains within its N-terminal part, strongly suggest-
ing that this protein is a multispanning membrane protein.
Proteins with high homology to LyrA are found only in other
staphylococcal species. An Abi domain was found within the
hydrophobic part of this protein. It has been suggested that
Abi-containing proteins are metallo-dependent membrane
proteases required for protein processing. This domain is
found in the eukaryotic type II CaaX proteases, and residues
important for proteolytic activity have been identified in a
mutagenesis study of the yeast CaaX protease Rce1 (13). Even
though proteins which show a high degree of homology to
LyrA are found only in staphylococcal strains, proteins anno-
tated to contain Abi domains are found in many bacterial
genomes. Indeed, LyrA and four additional proteins contain-
ing an Abi domain are encoded within the Mu50 genome
(SAV1030, SAV1780, SAV2031, and SAV2313). No function
has been assigned to any of these proteins or, by extension, to

TABLE 3. Surface protein anchor peptides and their structures in S. aureus RN4220 and its isogenic lyrA mutant

S. aureus strain

Anchor peptide properties

m/z
Predicted structure

Observed Calculated

RN4220 2236.13 2236.39 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly5)-Ala-COOH
2264.12 2264.40 2236.39 � formyl
2279.14 2279.42 2236.39 � carbamyl

2307.16 2307.47 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly5)-Ala-Ala-COOH
2335.17 2335.48 2307.47 � formyl
2350.18 2350.50 2307.47 � carbamyl

ANG245 (lyrA) 2007.00 2008.18 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly1)-Ala-COOH
2035.98 2036.19 2008.18 � formyl

2064.00 2065.24 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly2)-Ala-COOH
2093.00 2093.25 2065.24 � formyl

2078.98 2079.26 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly1)-Ala-Ala-COOH
2107.00 2107.27 2079.26 � formyl

2122.03 2122.30 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly3)-Ala-COOH
2151.05 2150.31 2122.30 � formyl

2136.04 2136.32 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly2)-Ala-Ala-COOH
2163.03 2164.33 2136.33 � formyl

2178.04 2179.36 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly4)-Ala-COOH
2206.05 2207.37 2179.36 � formyl

2236.08 2236.39 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly5)-Ala-COOH
2264.07 2264.40 2236.39 � formyl
2279.09 2279.42 2236.39 � carbamyl

2307.11 2307.47 NH2-Ala-Gln-Lys-(NH2-H6AQALPET-Gly5)-Ala-Ala-COOH
2335.12 2335.48 2307.47 � formyl
2350.12 2350.50 2307.47 � carbamyl
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any bacterial protein annotated to harbor an Abi domain.
Interestingly, several Abi domain-encoding genes are found
within a chromosomal locus responsible for bacteriocin pro-
duction in Lactobacillus plantarum C11 (12), and the S. aureus
gene encoding the Abi domain-containing protein SAV1030 is
in close proximity to two genes which show homology to the
bacteriocin lactococcin 972 and its immunity factor. A previous
bioinformatic analysis of Abi-containing proteins identified
thee conserved motifs with five semi-invariant residues (Fig.
2B) (44). Three of these residues are also present in LyrA.
However, when we changed these residues to alanines, the
protein was still functional as judged by complementation of
the lysostaphin resistance phenotype (Fig. 3). Assuming that

the previous bioinformatic analysis correctly predicted the ac-
tive-site glutamic acid residue, protease activity in LyrA does
not seem to be required for lysostaphin resistance.

The mature form of lysostaphin encompasses two domains,
the glycyl-glycine endopeptidase domain and the C-terminal
cell wall-targeting domain that is required for the binding of
the molecule to the envelope of S. aureus (2). GST-CWT
reporter protein was used to compare binding affinities of the
cell wall-targeting domain to the envelopes of wild-type and
lyrA mutant bacteria. Using this assay, we were not able to
detect a statistically significant difference in binding (Fig. 8A
and B). Furthermore, deletion of the cell wall-targeting do-
main from recombinant lysostaphin enzymes did not affect the
resistance phenotype of lyrA mutants (Fig. 8C). Thus, unlike
the case for a mutant with complete deletion of femAB, which
displays both CWT binding and substrate property defects for
lysostaphin (22), lyrA-mediated resistance points again to non-
peptidoglycan attributes of mutant staphylococci. Future work
on the envelope structure of staphylococci is needed to explore
the biosynthetic pathways of peptidoglycan and its secondary
polymers and with it explain the phenotypes of lyr mutants
reported here.
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